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The initial steps of film evolution are of great importance for the fields of thin film growth and metal-insulator transitions. The metal-insulator transition in two-dimensional systems is of great scientific interest and has recently been observed during the growth of very thin metallic films. [1] [2] [3] [4] [5] Thin films of transparent conductive oxides ͑TCO͒ have been widely investigated due to their major role in electrooptics. However, most of the characterization methods are not suitable for controlling TCO properties during the deposition process.
Measurements of the film conductance as a function of its coverage during the deposition process show three stages with significantly different relations between film conductance and coverage. [2] [3] [4] A-an exponential stage, B-a percolation stage, and C-an ohmic stage. By fitting the theory to the measurements, the metal-insulator transition has been classified as percolative. A critical exponent, universally determined as 1.36, has been extracted. [1] [2] [3] However, this type of characterization is basically qualitative and not sufficiently detailed for technological applications. The present work demonstrates the potential of in situ simultaneous measurement of the entire range of the indium oxide film conductance during growth for a detailed evaluation of the film morphology and growth process.
The indium oxide films were prepared by means of resistive evaporation of pure indium under a predetermined pressure of oxygen, which reacted on the heated substrate. The films were deposited on glass substrates with two predeposited strip electrodes ͑10 nm Crϩ1 m Al͒ 1.5 cm apart. The glass substrates were heated to 250°C during 5 min under a pressure of Ϸ1ϫ10 Ϫ7 Torr. Their temperature was decreased to the deposition temperature ͑T dep ͒. The different depositions were carried out at T dep from 160 up to 250°C and under an oxygen pressure of 5ϫ10 Ϫ4 Torr. Previous investigations [6] [7] [8] [9] have shown that within this temperature range there is no unoxidized indium at the glass interface and the film is expected to be entirely polycrystalline. The film conductivity versus coverage was simultaneously measured in situ by means of a pA meter/dc voltage source ͑HP 4140B͒ under an applied potential of 0.1 V and the noise was less than 10 pA. The indium oxide coverage and the rate of evaporation were controlled by a crystal quartz oscillator with a resolution of about 0.1 Å/s. The measured points were taken at coverage steps of 1 Å.
The nominal coverage ⌰ is given by the thickness monitor reading based on
where ⌬M is the increment of mass per unit area of the material deposited on the quartz oscillator and is the material density. Figure 1 shows the In 2 O 3 film conductance-G as a function of ⌰ for three deposition temperatures: 160, 200, and 250°C. A similar dependence was observed for various other materials, such as Ni, Cr, Ag, and Sb.
1-5 An unexpected fine structure in the G(⌰) curves is observed at the exponential stage. This portion is enlarged and shown by the symbols in Fig. 2 . In order to explain these results, let us consider the growth process in detail.
During the first stage of the deposition process ͑stage A at 160°C in Fig. 2͒ , the chemical reactions between oxygen and indium lead to the growth of small isolated islands, 10 with a typical dimension of several lattice parameters. Either tunneling or thermionic emission are frequently mentioned as possible transport mechanisms. 11 The former is based on the overlap of the electron wave functions at neighboring islands. According to this model, the film conductance increases exponentially as interisland distances shrink 12, 13 GϭG ex e Ϫ␣R , ͑2͒
where ␣ Ϫ1 is the characteristic tunneling distance of the electron wave function. R is the distance between the islands defined as
RϭlϪ, ͑3͒
where is a characteristic linear dimension of the islands and l is an average distance between island centers, which is expressed by the density of the islands per unit area ͑N͒
We have used Eq. ͑2͒ to fit the experimental data as shown by the solid curves in stage A of Fig. 2 . This stage can be best fitted by two exponential dependencies of G on ⌰: A 1 Ϫlog Gϰ⌰ and A 2 Ϫlog Gϰͱ⌰. Let us attempt to interpret the difference between these dependencies by anisotropy of the island growth. At this stage, we assume that the island growth is primarily two dimensional. A relation between the island area ͑a i ͒ and the measured oxide coverage may be found according to Eq. ͑1͒
where the product a i h i is the volume of an average isolated island; k is the ratio of the sticking coefficients of indium oxide on the substrate and the thickness monitor. Thus, a simple relation between a i and ⌰ can be obtained by combining Eqs. ͑4͒ and ͑5͒
This expression may be used to define the characteristic linear dimension of the island as a function of ⌰. In order to do this, some additional assumptions about the evolution of the islands must be made. The island evolution will be denoted as ''anisotropic,'' if the island grows in a single predominant direction. In this case, a i may be expressed as a product c i , where c i is a characteristic ''width'' of the average island, which is relatively constant at this stage, and ͑⌰͒ is linear
The island evolution will be denoted as ''isotropic,'' if the island grows comparably in the both lateral directions. Then, a i may be expressed as 2 , and ͑⌰͒ has a square root dependence
Thus, the ͑⌰͒ dependence is different for isotropic and anisotropic island growths and it may be used as a classification criterion. Indeed, Fig. 2 ͑stage A͒ shows that the measured G(⌰) has a double exponential dependence, which reflects the two growth modes.
At the percolation stage ͑stage B͒, the small islands gradually grow and coalesce leading to the formation of continuous conduction paths, and the film undergoes a metalinsulator transition. At this stage, the conductance of the film is dominated by the well-known scaling law:
where t is the universal critical exponent and ⌰ c is the critical coverage. Our best fit for the experimental data is achieved when tϭ1.36Ϯ0.04, which indicates a percolation process in a two-dimensional system. At the ohmic stage C, the conductance evolution may be different for amorphous and crystalline films. If the film is in the amorphous phase, an additional transition to a crystalline phase is possible. 5 In the crystalline phase, the bulk conductance follows Ohm's law, where G is proportional to the film coverage
where is the film conductivity, and A 0 is a geometric factor. The onset of the ohmic bulk conductance is denoted by a film coverage of ⌰ B . We suggest that scattering mechanisms and doping become meaningful at coverages of the order of ⌰ B , and consequently, the doping concentration must satisfy the following inequality:
i.e., the average distance between dopant sites must be at least equal to ⌰ B . Evidently, such an estimate yields a lower limit for the doping concentration ͑N D min ͒ because the formation of the later may be completed at coverage significantly below ⌰ B . Table I summarizes the fitting parameters. The critical exponent Ϫt is in good agreement with the previously reported value for two-dimensional percolation. The critical coverage ⌰ c is 36 Å for films grown at T dep ϭ160°C and 33 Å at T dep ϭ200°C. The resistivity of the films-obtained by the fitting is in good correlation with separate four-probe measurements. The last column contains estimations of N D min .
Let us examine the effect of the deposition temperature on the G versus ⌰ dependence. At T dep ϭ160°C, G(⌰) has the expected form, i.e., it includes all the previously discussed evolution stages. At the higher deposition temperatures there are two deviations from this form: An appearance of a break within ͑at the end of͒ the anisotropic growth stage at T dep ϭ200°C ͑250°C͒, and a reduction or a disappearance of the percolation stage at T dep ϭ250°C.
Increasing the deposition temperature leads to a higher kinetic energy of the adatoms and two consequences may be expected: the surface migration length and the probability to overcome the atom binding energy may increase. The film evolution will be dominated by the interplay between these two phenomena. If the first effect dominates, the conduction and the growth rates increase. Obviously, this is the case here. A reliable indication of this may be found by the earlier onset ͑point I in Fig. 2͒ of the film conductivity with increasing T dep .
The next step in the G͑⌰͒ curves is a break ͑region A 3 ͒. In fact, this has a similar coverage dependence as the following steps but on a smaller scale. Since the substrate surface is not homogeneous, localized nucleation can selectively form along paths with lower adatom potential energy. The localization does not induce a different transport mechanism, so that the localized evolution remains the same as in the entire sample seen at the lowest temperature ͑regions A and B͒. Obviously, the number of the adatoms trapped at these regions increases with the migration length, i.e., with T dep . This should increase the contribution of these regions to the film conductance. Moreover, under certain conditions ͑such as high T dep ͒ this contribution may dominate the initial part of the G͑⌰͒ dependence, as reflected by regions A 3 in Fig. 2 . This may be used as a good indicator for a nonuniform growth process at relatively high deposition temperatures.
Another deviation from the general case is the disappearance of the percolation stage at the highest T dep . Table II illustrates this effect in detail. Again, it seems that high T dep leads to localization of the growth process. This breaks the random character of the resistor network based on the randomly distributed islands. Therefore, the part of the percolation process in the conductance evolution is minimized.
In summary, a detailed analysis of the conductance evolution of very thin indium oxide films during the deposition process leads to the following conclusions.
͑1͒ The double exponential stage of the film evolution indicates a transformation from anisotropic growth mode to an isotropic planar mode, where the predominant growth direction of the islands disappears.
͑2͒ The appearance of a break in the G(⌰͒ dependence at the exponential stage and a disappearance of the percolation stage observed at high T dep may be explained by a localization of the growth process. The increased contribution of the localization effect with high T dep is due to the increase of the migration length of the deposited atoms.
͑3͒ Fitting the experimental data by our model provides estimations of the critical exponent of percolation process, the conductivity, and the minimum effective doping of the films.
A detailed quantitative interpretation of G(⌰) curves leads not only to a deeper understanding of the growth process in situ, but makes it possible to estimate the homogeneity of the growth process and some important parameters of the film. 
